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Abstract- This paper proposes a flux-weakening (FW) control 
for dual three-phase permanent magnet synchronous machine 
(DT-PMSM) based on vector space decomposition (VSD) 
control, where the output voltage in 𝜶𝜷 sub-plane is employed 
for voltage feedback in the flux-weakening control loop. As the 
fundamental components are mapped to 𝜶𝜷 sub-plane while the 
5th and 7th harmonics are projected to harmonic z1z2 sub-plane, 
the flux-weakening current from this new control in 𝜶𝜷 sub-
plane is sixth harmonic-free regardless of the 5th and 7th 
harmonics being resulted from the non-sinusoidal back EMF or 
inverter non-linearity. The proposed control is compared with 
the conventional FW feedback control extended for DT-PMSM, 
where the FW control is applied to the two sets of three-phase 
windings separately. The experimental results show that the 
proposed FW control based on VSD is superior to the 
conventional FW control in terms of reduction in current 
unbalance and harmonic currents. 
 
Index Terms—Double star PM machine, dual three-phase PM 





Fα, Fβ Components in the αβ sub-plane. 
F can be R, v, i, ψs or ψf, which represents 
stator resistance, voltage, current, stator flux-
linkage, or PM flux-linkage 
Fz1, Fz2 Components in the z1z2 sub-plane. 
Fαβ Vector Fα+j Fβ 
Fz1z2 Vector Fz1+j Fz2 
Fα1, Fβ1 Components of phase-ABC in αβ-frame 
Fα2, Fβ2 Components of phase-XYZ in αβ-frame 
Fαβ1 Vector Fα1+j Fβ1 
Fαβ2 Vector Fα2+j Fβ2 
Fd, Fq Components in dq-frame in αβ sub-plane for 
DT-PMSM 
Fdz, Fqz Components in dqz-frame in z1z2 sub-plane 
for DT-PMSM 
Fd1, Fq1 Components in the dq-frame for phase-ABC 
Fd2, Fq2 Components in the dq-frame for phase-XYZ 
𝑣𝑚𝑎𝑥
∗  Voltage magnitude reference 
𝑣𝑚  Voltage magnitude feedback in αβ sub-plane 
𝑣𝑚1 Voltage magnitude feedback for phase-ABC 
𝑣𝑚2 Voltage magnitude feedback for phase-XYZ 
𝜃𝑒 Rotor electrical angle 




ingle three-phase inverter-fed machine is extensively used 
in various industrial applications. However, the inverter 
rating can not increase up to a certain level due to the 
limitation on the power rating of semiconductor devices. Two 
attractive solutions to this problem are either using multi-level 
inverter or multi-phase machines. Whether it is better to use 
multi-phase machines or multi-level converters depends on 
the application. Insulation level is one of the limiting factors 
that hinder the use of multi-level inverter. Therefore, multi-
phase inverter fed machines operating at a lower voltage level 
are preferred [1]. 
Compared with the single three-phase counterpart with the 
same drive current limit, the multi-phase machine offers many 
advantages such as multiple power capacity, reduced torque 
pulsation, reduced stator current, lower DC-link current 
harmonics, higher reliability at the system level, increased 
power density for the same volume machine, and additional 
degrees of freedom, and can be driven by multiple single 
three-phase inverters [2-9]. The dual three-phase permanent 
magnet synchronous machine (DT-PMSM) has double power 
capacity and the characteristic of sixth-order torque harmonic 
pulsation-free. Over the last decades, the DT-PMSM has been 
widely applied to many industrial applications such as 
aerospace, electric vehicles, “more-electric” aircraft, and 
wind turbines [8, 10-13]. 
The power topology of dual three-phase voltage source 
inverter (VSI) drive, i.e. dual inverter, can be illustrated in Fig. 
1, which is constructed by two single three-phase H-bridge 
voltage source inverters (VSIs) with a common DC voltage 
source [7]. The asymmetrical DT-PMSM has two sets of 
single three-phase windings, where the first set is named as 
phase-ABC, whilst the second set is named as phase-XYZ. 
Both sets of three-phase windings use the data from the 
same position sensor or estimation. The electrical phase 
shift angle between phase-ABC and -XYZ is 30°, which is 
determined by the relationship of the measured phase back-
EMFs, and the neutral points for phase-ABC and -XYZ are 
isolated. A dual inverter is used to drive phase-ABC and 
phase-XYZ. When the DT-PMSM works under regenerative 
braking mode, the dual inverter works as a boost rectifier and 



















Fig. 1 DT-PMSM drive system. 
 
To extend the power and speed operation range which is 
constrained by a given DC-link voltage, the FW control is 
usually adopted to weaken the air-gap flux by utilization of 
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the FW current (d-axis current) [14-16]. Based on the 
conventional decoupling vector control with dq-axis current 
regulation for a single three-phase machine, the strategies of 
FW control can be classified into feed-forward [17-22] and 
feedback methods [16, 23-32]. The FW control of the feed-
forward method has the advantage of excellent dynamic 
performance; however, the accuracy of FW current from the 
feed-forward method relies heavily on the accuracy of 
machine parameters, such as the flux-linkage and inductances, 
which might vary with loads and temperature [18, 33, 34]. The 
feedback method is robust against the deviation of machine 
parameters; however, its dynamic performance is not as good 
as the feed-forward method. To solve this issue, the feed-
forward and feedback methods can be combined in a hybrid 
method [35, 36]. 
The feedback in the FW control of feedback method can be 
the voltage magnitude error [16, 24-28], the voltage error 
before and after the pulse width modulation (PWM) module 
[31, 32], or the error between the PWM period and the 
calculated active time for the synthesis of voltage vector 
command[37]. The first method is applicable under both 
linear PWM and over-modulation regions due to alterable 
voltage reference; however, the latter two methods are 
specifically designed for the over-modulation region and thus 
cannot achieve a FW operation in the linear PWM region. 
Although the FW operation in the over-modulation region can 
increase the power capability, it also results in increased 
harmonic voltage, current, and torque ripple, which might not 
be applicable in some applications demanding small torque 
ripples such as the MW wind turbine PMSM generator. 
In terms of the vector control of DT-PMSM, it can 
generally be divided into two categories [38]. The first is two-
individual current control, which is based on the double dq 
synchronous frames (d1q1-d2q2-frame) model with mutual 
coupling voltages between two frames, i.e. d1q1-frame for the 
first set of three-phase windings (phase-ABC) and d2q2-frame 
for the second three-phase windings (phase-XYZ) [6, 7, 39, 
40]. If neglecting compensation of the mutual coupling 
between phase-ABC and -XYZ, two commercial single three-
phase drives can work separately to drive the DT-PMSM with 
the equal torque command. 
The second vector control strategy of DT-PMSM is the 
VSD control [3, 41] with two current regulators in the αβ sub-
plane and two current regulators in the z1z2 sub-plane. The 
VSD control is prevailing as the DT-PMSM can be treated as 
a single three-phase machine in the αβ sub-plane and a 
resistance inductance (RL) load in the z1z2 sub-plane. since 
there is no mutual coupling between the αβ sub-plane and z1z2 
sub-plane [3, 42], therefore it can provide an excellent 
dynamic torque performance. 
Theoretically, the FW control of DT-PMSM can be 
implemented based on the aforementioned two-individual 
current control and VSD control. The efficiency of dual 
inverter drives for the series split symmetrical DT-PMSM 
considering field weakening region is discussed in [43], where 
the phase shift angle between two sets of three-phase 
windings is zero. In [43], the machine is treated as two 
separate single three-phase machines and two independent 
drivers with their corresponding FW control are adopted. 
The concept of FW control based on direct torque control 
(DTC) for a DT-PMSM is presented in [44], the DT-PMSM 
is treated as a six-phase machine based on the VSD theory [3], 
and the voltage and current in 𝛼𝛽 sub-plane are employed for 
the flux-linkage feedback. However, the harmonic 
components in the z1z2 sub-plane are not considered. As there 
might be abundant 5th and 7th harmonic voltages resulted 
from inverter’s nonlinearity and machine’s non-sinusoidal 
back-EMF, it will result in abundant 5th and 7th harmonic 
currents if without current regulation in z1z2 sub-plane [41]. 
Meanwhile, the experimental results are not provided for 
validation. A FW control based on VSD control is presented 
in [45], wherer the FW is activated simply by the speed. When 
the speed is lower than the switching speed, it works under the 
id=0 control, while when the speed is higher than the 
switching speed, it switchs to FW control with d-axis voltage 
command output directly without FW current control 
anymore. 
In DT-PMSM, individual dq-axis voltages in d1q1-d2q2-
frame contain the 6th harmonic component. The 6th harmonic 
component will then propagate through the control loop and 
affect the harmonic content of the d-axis current. This paper 
proposes a FW control based on VSD vector control to 
overcome this problem. With this new controller, the flux-
weakening current from this new control is the 6th harmonic 
free regardless of the 5th and 7th harmonics resulted from the 
non-sinusoidal back EMF and inverter non-linearity. Firstly, 
the conventional FW feedback control extended for 
asymmetrical DT-PMSM is studied, where the conventional 
vector control and FW control for a single three-phase system 
are applied to phase-ABC and -XYZ separately. The main 
deficiencies of the FW control based on two-individual 
current control will be discussed in detail in Section II and 
then the reduction of current harmonics and unbalance of the 
proposed control is demonstrated in Section III. Finally, the 
comparative experiments are made on a prototype DT-PMSM, 
which validates that the proposed FW control is superior to 
the conventional FW control. 
 
II. CONVENTIONAL FLUX-WEAKENING CONTROL FOR DUAL 
THREE-PHASE PMSM 
 
The mathematical modeling of DT-PMSM based on the 
double synchronous dq-frames (d1q1-d2q2-frame) is detailed in 
[38]. If neglecting the mutual coupling voltages between 
phase-ABC and -XYZ, the DT-PMSM can be treated as two 
single three-phase machines with coupling voltages between 
two sets of three-phase windings. Then the conventional FW 
control based on the voltage magnitude feedback for single 
three-phase PMSM [16, 24-28, 46] can be extended for DT-
PMSM, which is demonstrated in Fig. 2. The FW control is 
based on the 2-individual current control [7] [38], where two 
channels of individual vector controller and FW controller are 
applied to each single three-phase windings. The upper and 
lower channels in Fig. 2 are for the control of phase-ABC and 
phase-XYZ respectively. Both channels share the same 
quadrature current reference 𝑖𝑞
∗ , which might be from the 
speed control loop in the constant speed mode or torque 
control loop in the constant torque mode. The output voltage 
magnitude 𝑣𝑚1  from phase-ABC in the first channel is 
employed for FW control of phase-ABC, while the output 
voltage magnitude 𝑣𝑚2 from phase-XYZ is employed for FW 
control of phase-XYZ.  
The FW current 𝑖𝑑1
∗  for phase-ABC and 𝑖𝑑2
∗  for phase-XYZ 
are then derived by the proportional-integral (PI) regulators 
 
with voltage error input. As the magnitude of current vectors 
is limited by the maximum current 𝐼𝑚𝑎𝑥, the real quadrature 
current reference 𝑖𝑞1
∗  is the minimum value of 𝑖𝑞
∗  and 𝑖𝑞1𝑚𝑎𝑥
∗  
if 𝑖𝑞
∗  is positive, or the maximum value of 𝑖𝑞
∗  and −𝑖𝑞1𝑚𝑎𝑥
∗  if 
𝑖𝑞
∗  is negative. This constraint is also applied to 𝑖𝑞2
∗  
generation. 
For a given DC bus volage 𝑣𝑑𝑐, the maximum linear output 
voltage with the space vector PWM (SVPWM) strategy is 
𝑣𝑑𝑐 √3⁄ . Since the reserved voltage margin 𝑣∆ accounting for 
the harmonic voltage is essential, consequently, the maximum 
output voltage magnitude 𝑣𝑚
∗  will be 𝑣𝑑𝑐 √3⁄ − 𝑣∆  to 
guarantee the operation in the region of linear PWM 
modulation. 
It is worth noting that there are 5th and 7th harmonic 
voltages resulted from the non-sinusoidal back-EMF or 
inverter non-linearity which turn into 6th harmonic voltages 
in the d1q1-d2q2-frame [41]. Assuming the 5th and 7th 
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 (1) 
where 𝜃𝑒  is PM rotor electrical angle; 𝑣𝑎5𝑡ℎ(𝜃𝑒)  and 
𝑣𝑎7𝑡ℎ(𝜃𝑒) are the 5th and 7th harmonics in phase-A. They can 
be expressed by (2) and (3) respectively, where 𝑘𝑣5 and 𝑘𝑣7 
are the corresponding amplitudes while 𝜃𝑣5 and 𝜃𝑣7 are the 
corresponding offset angle. 
     5 5 5cos 5 / 2a th e v e vv k       (2) 
     7 7 7cos 7 / 2a th e v e vv k       (3) 
The 5th and 7th harmonic phase voltages are then converted 
to the 6th harmonics in the d1q1-d2q2-frame, which can be 
expressed as (4). 
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where 𝑣𝑑1_6𝑡ℎ  and 𝑣𝑞1_6𝑡ℎ  are the 6th harmonic voltages in 
d1q1-frame for phase ABC, 𝑣𝑑2_6𝑡ℎ  and 𝑣𝑞2_6𝑡ℎ  are 6th 
harmonic voltages in the d2q2-frame for phase XYZ, 
respectively. Therefore, the dq-axis voltages in phase-ABC 
and -XYZ when accounting for the fundamental and 6th 
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 (6) 
where vd0 and vq0 are DC components that are from the 
fundamental component in the phase voltage. 





∗ =𝑣𝑞2, then the 
magnitude of output voltages 𝑣𝑚1 and 𝑣𝑚2 can be expressed 
as (7). 
 *2 *2
1 1 1m d qv v v  ;  
*2 *2
2 2 2m d qv v v   (7) 
Substituting (5) and (6) into (7), it will be found that there 
is the 6th harmonic in the voltage magnitude feedback 𝑣𝑚1 
and 𝑣𝑚2 , which will be validated in the experiment part 
Section-IV(A). The 6th harmonics in 𝑣𝑚1  and 𝑣𝑚2  will 
propagate through the FW PI controllers and then result in 6th 
harmonics in the FW currents.  
It is worth noting that the 6th harmonic currents in the d1q1-
d2q2-frame cannot be suppressed effectively by the 
conventional PI controller. Therefore, a resonance control [47] 
with the center frequency of six times of fundament frequency 
is employed to suppress the 6th harmonic currents in d1q1-
d2q2-frame [41]. It should also be noted that since the FW 
currents of phase-ABC and -XYZ are from different FW 
controllers, they might be different due to the DT-PMSM 
asymmetry. Although the torque current 𝑖𝑞
∗  are the same, e.g., 
they are both from the speed controller, the 𝑖𝑞1
∗  and 𝑖𝑞2
∗  might 
be different due to the different FW currents and the 
constraints of the same current limit. Therefore, the currents 
of phase-ABC and phase-XYZ might be unbalanced. 
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Fig. 3 Proposed FW control based on VSD control. 
 
III. PROPOSED FLUX-WEAKENING CONTROL BASED ON 
VECTOR SPACE DECOMPOSITION CONTROL 
 
According to the VSD theory for the dual three-phase 
system detailed in [3, 41], the six-dimensional cartesian 
coordinate system in the abc-xyz frame can be decomposed 
into three orthogonal sub-spaces, i.e. αβ, z1z2, o1o2 sub-planes. 
By a dedicated [T6] matrix transformation detailed in [3, 41], 
different harmonics are projected to different sub-planes, i.e. 
the fundamental and (12k±1)th, k=1, 2… harmonics in the 
abc-xyz frame are projected to αβ sub-plane; the (6k±1)th, 
k=1, 3, 5… harmonics in the abc-xyz frame are projected to 
z1z2 sub-plane; the (3k)th, k=0, 1, 3, 5… harmonics in the abc-
xyz frame are projected to o1o2 sub-plane. Since the 5th and 
7th harmonics are mapped to the z1z2 sub-plane rather than the 
αβ sub-plane, this feature can be exploited for FW feedback 
control of DT-PMSM. 
In the VSD control of DT-PMSM, the components in the 
dq-frame and dqz-frame can be derived by (8) and (9) 
respectively [41]. 
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 (9) 
The VSD mathematical modeling of DT-PMSM is detailed in 
[38], where the voltage equations in dq-frame and dqz-frame 
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 are equivalent inductances in dq-frame 
in αβ sub-plane; 𝐿𝑑𝑧  and 𝐿𝑞𝑧  are equivalent inductances in 
dqz-frame in z1z2 sub-plane; ψfd is d-axis PM flux-linkage. As 
can be seen from (10), it has the same voltage equations as the 
single three-phase PMSM counterpart. 
The relationship between d1q1-d2q2-frame for double single 
three-phase system and dq-frame, dqz-frame based on VSD 
theory for the six-dimensional machine system can be 
illustrated in Fig. 4 [38], which can be expressed as 
 2d d dzF F F  ; 1d d dzF F F   (12) 
 
 2q q qzF F F  ; 1q q qzF F F   (13) 
By combining (5), (6), (12), and (13), it can be derived that 
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 (14) 
The eq. (14) indicates that the 5th and 7th harmonic voltages 
are all mapped to the 6th harmonics in the dqz-frame. 
Therefore, the voltages in the dq-frame in the αβ sub-plane are 













Fig. 4 Relationship between d1q1-d2q2-frame and dq-frame, dqz-frame. 
The magnitude of output voltage 𝑣𝑚 in dq-frame in αβ sub-
plane can be expressed as 
 *2 *2
m d qv v v   (15) 
As the fundamental components are projected to the αβ sub-
plane, the majority of the inverter output voltages are from the 
fundamental components in the αβ sub-plane. Therefore, 𝑣𝑚 
can be employed for the voltage feedback in the FW control. 
As the 𝑣𝑚 is 5th and 7th harmonics-free, it is beneficial for the 
generation of FW current reference. 
The proposed FW control is illustrated in Fig. 3, which is 
based on VSD for DT-PMSM. By [T6] matrix transformation 
[41], the phase currents are converted to 𝑖𝛼, 𝑖𝛽 in αβ sub-plane 
and 𝑖𝑧1 ,  𝑖𝑧2  in z1z2 sub-plane. The id an iq are from 
conventional Park transformation applied to 𝑖𝛼 and 𝑖𝛽. The idz 
and iqz are from the [Tdqz] transformation applied to 𝑖𝑧1 and 𝑖𝑧2. 
The fundamental currents are regulated in dq-frame in 𝛼𝛽 
sub-plane, while the harmonic currents are regulated in dqz-
frame in 𝑧1𝑧2  sub-plane [41]. As there are 5th and 7th 
harmonic voltages in 𝑧1𝑧2 sub-plane resulted from the non-
sinusoidal back-EMF or inverter non-linearity [41], and then 
they turn into the 6th harmonics in dqz-frame in 𝑧1𝑧2  sub-
plane, the resonance control with the center frequency of six 
times of fundament frequency is employed to suppress the 6th 
harmonic currents in dqz-frame in 𝑧1𝑧2 sub-plane [41]. 
Besides, the common FW current is forwarded to both 
phase-ABC and phase-XYZ, where both channels share the 
same quadrature current reference 𝑖𝑞
∗  that comes from either 
the speed control or torque control, which depends on the 
application. Therefore, the currents of phase-ABC and -XYZ 
are naturally balanced in the proposed FW control based on 




The test rig to evaluate the conventional FW control and 
the proposed FW control for DT-PMSM is constructed based 
on the TI DSP TMS320F28335 control system shown in Fig. 
5. The dual inverter is employed to drive the machine, which 
has the same power topology as shown in Fig. 1. The 
execution frequency of the current loop is the same as the 
PWM frequency of 10kHz. Two independent SVPWM 
modulators are used for PWM generation for phase-ABC and 
-XYZ respectively. The prototype DT-PMSM is coupled to 
another DT-PMSM used for load, which works in torque 
control mode, while the prototype DT-PMSM works in 
constant speed control mode. The parameters of the prototype 
DT-PMSM are shown in TABLE I. 
In this Section, four experiments are conducted. The first is 
the 2-individual current controls without FW control to 
demonstrate the phenomenon of the 6th harmonics in the 
output voltage in 𝑣𝑚1 and 𝑣𝑚2, and explain why the output 
voltage magnitude 𝑣𝑚 is chosen for voltage feedback in the 
FW control. The second is the conventional FW control based 
on 2-individual current controls (FW Method-1) with 𝑣𝑚1 and 
𝑣𝑚2 feedback with the main deficiencies of current unbalance 
and harmonics being presented. Then FW Method-1 is 
improved by adding a low pass filter (LPF) before the 
generating FW current reference to suppress the harmonics in 
Fig. 2, which is named as FW Method-2. The third is the 
proposed FW with 𝑣𝑚  feedback based on VSD control to 
exhibit its superiorities over the conventional FW control 
based on 2-individual current controls in terms of reduction in 
current unbalance and harmonics. Finally, the dynamic 
performance of FW Method-1, FM Method-2, and the 
proposed FW control with VSD are evaluated. 
 
 
Fig. 5 Test rig for dual three-phase PMSM with phase Z open. 
 
TABLE I  
PARAMETERS OF PROTOTYPE DUAL THREE-PHASE PMSM 
Parameters Value 
Resistance (Ω) 0.08 
Leakage inductance (mH) 0.864 
d-axis self-inductance (mH) 2.82 
q-axis self-inductance (mH) 5.00 
Flux linkage (Wb) 0.0785 
Pole pairs 5 
Rated Power (W) 1200 
Rated Current (A) 12 
Rated torque (Nm) 19.1 
Rated speed (rpm) 600 
DC link voltage (V) 80 
 
A) 2-Individual Current Control without FW Control 
In this experiment, the 2-individual current control in Fig. 
2 is employed and the drive works in constant speed mode, 
the 𝑖𝑞
∗  is from a speed loop and the speed reference is 600rpm, 
and the corresponding fundamental frequency is 50Hz. The 
DC bus voltage is set deliberately high so that the FW control 
modules in Fig. 2 are not activated. The 𝑖𝑑
∗  reference is set as 












the load is increased gradually until the prototype DT-PMSM 
current is approximately 12A.  
The experimental results are shown in Fig.6. The phase 
currents are shown in Fig.6(a), where the phase-X current 𝑖𝑥 
lags the phase-A current 𝑖𝑎  by 30º . The rotor position is 
inlcuded in the top part of Fig.6(c), (d) and (e). The current 
profile and corresponding FFT analysis of dq-axis currents are 
shown in Fig.6(d) and Fig.6(e) respectively, showing that the 
6th harmonics in 𝑖𝑑1, 𝑖𝑑2, 𝑖𝑞1, and 𝑖𝑞2 are well suppressed by 
the resonance controller. 
The loci of output volage vector 𝒗𝜶𝜷𝟏  (𝑣𝛼1 + 𝑗𝑣𝛽1 ) and 
𝒗𝜶𝜷𝟐 (𝑣𝛼2 + 𝑗𝑣𝛽2) for phase-ABC and -XYZ are shown in the 
left part of Fig.6(b). It is apparent that they are not a circle, 
which indicates that 𝑣𝛼1, 𝑣𝛽1, 𝑣𝛼2, and 𝑣𝛽2 are not sinusoidal. 
The loci of output voltage vectors in 𝛼𝛽 sub-plane 𝒗𝜶𝜷 (𝑣𝛼 +
𝑗𝑣𝛽) and 𝑧1𝑧2 sub-plane 𝒗𝒛𝟏𝒛𝟐 (𝑣𝑧1 + 𝑗𝑣𝑧2) are shown in the 
right part of Fig.6(b). It is closer to a circle than the loci of 
𝒗𝜶𝜷𝟏  and 𝒗𝜶𝜷𝟐 , which means 𝑣𝛼  and 𝑣𝛽 are much more 
sinusoidal than 𝑣𝛼1, 𝑣𝛽1, 𝑣𝛼2, and 𝑣𝛽2. 
The magnitude of vectors 𝒗𝜶𝜷𝟏 , 𝒗𝜶𝜷𝟐  and 𝒗𝜶𝜷  changing 
with time and their corresponding FFT harmonic analysis are 
given in Fig.6(c). From the harmonic analysis, it can be 
concluded that the major oscillations in 𝑣𝑚1and 𝑣𝑚2 are from 
6th harmonic voltage, while the 6th harmonic voltage in 𝑣𝑚 is 
insignificant. It also indicates that the 6th harmonics in 𝑣𝑚1 
and 𝑣𝑚2  have the same amplitude but in opposite phase; 
therefore, 𝑣𝑚  has fewer oscillations than 𝑣𝑚1  and 𝑣𝑚2 . 
Consequently, if 𝑣𝑚 is employed as the voltage feedback in 
the FW control for DT-PMSM, it will be beneficial for the 
FW current reference without the 6th harmonic current. 
 
(a) Phase currents 
 
(b) Loci of 𝒗𝜶𝜷𝟏, 𝒗𝜶𝜷𝟐, 𝒗𝜶𝜷, and 𝒗𝒛𝟏𝒛𝟐 
 
(c) 𝑣𝑚1, 𝑣𝑚2 and 𝑣𝑚 
 
(d) 𝑖𝑑1, 𝑖𝑑2 and 𝑖𝑑 
 
(e) 𝑖𝑞1, 𝑖𝑞2 and 𝑖𝑞 
Fig.6 2-individual current control without FW (600rpm constant speed 
control). 
 
B) 2-Individual Current Control with FW Control 
In this experiment, the FW Method-1, i.e., the 2-individual 
current control with FW shown in Fig. 2 is employed and the 
drive also works in constant speed mode. The DC bus voltage 
is set as 82V. To trig the FW control, the speed reference is 
set as 840rpm and the corresponding fundamental frequency 
is 70Hz. As the maximum linear output voltage with the 
SVPWM strategy is 82V/√3 =47.3V, the voltage reference 
for FW is set as 42.3V for enough voltage margin accounting 
for the harmonic voltage and inverter non-linearity. The load 
is increased steadily until the rms current of the prototype 
machine increases up to 12A. In this case, the FW currents for 
phase-ABC and -XYZ are not zero and the DT-PMSM works 
in the FW field. 
The phase currents are shown in Fig.7(a), the rotor position 
is included in the top part of Fig.7(c),(d) and (e), and the loci 
of output volage vector 𝒗𝜶𝜷𝟏, 𝒗𝜶𝜷𝟐, 𝒗𝜶𝜷 and 𝒗𝒛𝟏𝒛𝟐 are shown 
in Fig.7(b). The FW currents are shown in Fig.7(d). The 
results show that the average FW current for phase-ABC and 
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phase-XYZ are different, which means that currents of phase-
ABC and phase-XYZ are unbalanced. The FFT analysis of 𝑖𝑑1, 
𝑖𝑑2 , and 𝑖𝑑  shows that there are 2nd harmonic and 6th 
harmonic currents concurrently in 𝑖𝑑1  and 𝑖𝑑2 . The 2nd 
harmonic components in Fig.7(d) are slightly higher than 
those in Fig.6(d), which might be resulted from the 
asymmetry between phase-ABC and -XYZ. The 6th harmonic 
currents in 𝑖𝑑1 , and 𝑖𝑑2  are resulted from the 6th harmonic 
voltages in output voltage feedback 𝑣𝑚1 and 𝑣𝑚2, as shown 
in Fig.7(c). There is negligible 6th harmonic in the id in 
Fig.7(d), which is because the 6th harmonics in 𝑖𝑑1, and 𝑖𝑑2 
have the same amplitude but in opposite phase. However, it is 
worth highlighting that those harmonics will result in the 
deterioration of current THD (total harmonic distortion) and 
power loss in the system. 
In the conventional FW control with two separate channels, 
the FW current reference comes directly from the FW PI 
control loop. To suppress the 6th harmonic component in the 
flux-weakening current, a LPF module can be added after the 
FW PI controller so that the 6th harmonic in the FW current 
reference can be suppressed. This method is named as FW 
Method-2 as mentioned earlier. In this experiment, a LPF with 
2ms time constant is applied to the FW controller output 
before the generation of 𝑖𝑑1
∗  and 𝑖𝑑2
∗ . The test condition is the 
same as that for FW Method-1. The experimental results are 
shown in Fig.8, where the phase currents are shown in 
Fig.8(a), the loci of 𝒗𝜶𝜷𝟏, 𝒗𝜶𝜷𝟐, 𝒗𝜶𝜷, and 𝒗𝒛𝟏𝒛𝟐 are presented 
in Fig.8(b), the output voltage feedback 𝑣𝑚1  and 𝑣𝑚2  are 
shown in Fig.8(c), while the dq-axis currents are shown in 
Fig.8(d) and Fig.8(e) respectively. The Fig.8 is similar to 
Fig.7 with the exception that the 6th harmonics in 𝑖𝑑1 and 𝑖𝑑2 
are trivial. Although implementing a variable bandwidth filter 
requires more calculation power in the DSP, the experiment 
results show that it can be an effective way to suppress the 6th 
harmonics. However, the currents of phase-ABC and -XYZ 
are still unbalanced. 
 
 
(a) Phase currents 
 
(b) Loci of 𝒗𝜶𝜷𝟏, 𝒗𝜶𝜷𝟐, 𝒗𝜶𝜷, and 𝒗𝒛𝟏𝒛𝟐  
 
(c) 𝑣𝑚1, 𝑣𝑚2 and 𝑣𝑚 
 
(d) 𝑖𝑑1, 𝑖𝑑2 and 𝑖𝑑 
 
(e) 𝑖𝑞1, 𝑖𝑞2 and 𝑖𝑞 




(a) Phase currents 
 
(b) Loci of 𝒗𝜶𝜷𝟏, 𝒗𝜶𝜷𝟐, 𝒗𝜶𝜷, and 𝒗𝒛𝟏𝒛𝟐 
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(c) 𝑣𝑚1, 𝑣𝑚2 and 𝑣𝑚 
 
(d) 𝑖𝑑1, 𝑖𝑑2 and 𝑖𝑑 
 
(e) 𝑖𝑞1, 𝑖𝑞2 and 𝑖𝑞 
Fig.8 2-individual current control with FW and 2ms LPF for 𝑖𝑑
∗  (840rpm, 
constant speed control). 
 
 
(a) Phase currents 
 
(b) Loci of 𝒗𝜶𝜷𝟏, 𝒗𝜶𝜷𝟐, 𝒗𝜶𝜷, and 𝒗𝒛𝟏𝒛𝟐 
 
(c) 𝑣𝑚1, 𝑣𝑚2 and 𝑣𝑚 
 
(d) 𝑖𝑑1, 𝑖𝑑2 and 𝑖𝑑 
 
(e) 𝑖𝑞1, 𝑖𝑞2 and 𝑖𝑞 




COMPARISON OF HARMONICS AND UNBALANCE 
Magnitude FW Method-1 FW Method-2 Proposal 
6th harmonic in 𝑖𝑑1(A) 0.425 0.055 0.030 
6th harmonic in 𝑖𝑑2(A) 0.517 0.108 0.021 
Average 𝑖𝑑1(A) -6.75 -6.73 -7.42 
Average 𝑖𝑑2(A) -7.57 -7.53 -7.42 
 
C) Proposed Flux-Weakening Control Based on VSD 
Control 
In this experiment, the VSD control with FW control shown 
in Fig. 3 is employed and the prototype DT-PMSM works in 
constant speed mode. To activate the FW control, the speed 
reference is set as 840rpm and the corresponding fundamental 
frequency is 70Hz. The DC bus voltage is set as 82V and the 
voltage reference for FW is set as 42.3V for enough voltage 
margin accounting for the harmonic voltage and inverter non-
linearity. The load is also increased steadily until the rms 
current of drive increases to 12A. In this case, the DT-PMSM 
works in the FW field. 
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The loci of the output voltage vector 𝒗𝜶𝜷𝟏, 𝒗𝜶𝜷𝟐, 𝒗𝜶𝜷 and 
𝒗𝒛𝟏𝒛𝟐 are shown in Fig.9(b). The magnitude of output voltage 
feedback 𝑣𝑚1, 𝑣𝑚2 and 𝑣𝑚 are shown in Fig.9(c). The results 
show that the 6th harmonic voltages are slightly lower than 
that in Fig.7(c), which may be due to the lower 6th harmonics 
in 𝑖𝑑1 and 𝑖𝑑1. Therefore, the reserved voltage margin 𝑣∆ for 
linear PWM operation accounting for the harmonic voltage 
and inverter non-linearity could be smaller, and then the 
output voltage reference 𝑣𝑚
∗  and power capability could be 
higher. 
The phase currents are illustrated in Fig.9(a). As can be 
seen, the phase currents are quite sinusoidal and the phase-X 
current 𝑖𝑥  lags the phase-A current 𝑖𝑎  by 30º. The rotor 
position is inlcuded in the top part of Fig.9(c), (d), and (e). 
The d-axis currents and corresponding FFT analysis are given 
in Fig.9(d). TABLE II gives the harmonic components in 𝑖𝑑1 
and 𝑖𝑑2  and their average value in Fig.7(d), Fig.8(d), and 
Fig.9(d). Compared with those given in Fig.7(d), there is 
negligible 6th harmonics in the 𝑖𝑑1 and id2. Meanwhile, the 
average value of 𝑖𝑑1 and id2 are the same, which is much better 
than that in Fig.7(d). The iq1 and iq2 are shown in Fig.9(e), 
which are almost the same as well; therefore, the currents of 
phase-ABC and phase-XYZ are well balanced,  
It is reported that the speed control performance could 
become worse due to the increased ripple of feedback voltage 
that is induced by the current reference ripple [48]; meanwhile, 
higher harmonic currents result in higher power loss and 
higher THD. Therefore, in terms of the current unbalance and 
the 6th harmonic current in 𝑖𝑑1  and id2, the proposed FW 
control in Fig. 3 is superior to the conventional FW control 
extended for DT-PMSM in Fig. 2. 
 
D) Comparison of Dynamic Performance 
In this experiment, the load is stepped from 44% to 64% at 
the time of 0s. The step response of FW Method-1, FW 
Method-2, and the proposed FW control with VSD is shown 
in Fig.10. The 𝑖𝑑1 and 𝑖𝑑2 response are illustrated in Fig.10(a) 
while the output voltages are illustrated in Fig.10(b). When 
the load is increased by 20% at 0s, the speed drops 
instantaneously, and the output voltage 𝑣𝑚1  and 𝑣𝑚2 
decreases as well, therefore, 𝑣𝑚1 and 𝑣𝑚2 will be lower than 
𝑣𝑚
∗ . Consequently, flux-weakening current will arise and be 
limited to zero by a saturation module. As the speed ramps up, 
due to the constant speed control mode for the prototype DT-
PMSM, the 𝑣𝑚1 and 𝑣𝑚2 rises up to 𝑣𝑚
∗  and then crosses over 
with overshoots. As the inputs of the FW current controllers 
become negative, the 𝑖𝑑1 and 𝑖𝑑2 decrease so as to lower the 
𝑣𝑚1  and 𝑣𝑚2 . This process continues untill 𝑣𝑚1  and 𝑣𝑚2 
agrees with the 𝑣𝑚
∗  in steady state. As can be seen from Fig.10, 
the dynamic performance of all the methods are almost the 
same, showing an excellent performance. However, it can be 
observed from Fig.10(a) that average 𝑖𝑑1  and 𝑖𝑑2  in FW 
Method-1 and FW Method-2 are not equal in steady-state, 
which is the major deficiency of FW control based on the 2-
individual current control. 
  
(a) 𝑖𝑑1 and 𝑖𝑑2 
  
(b) 𝑣𝑚1, 𝑣𝑚2 and 𝑣𝑚
∗  
Fig.10 Step response (FW Method-1: 2-individual current control with 
FW, FW Method-2: 2-individual current control with FW and 2ms LPF 




A flux-weakening control of DT-PMSM based on VSD 
control is proposed and compared with the conventional FW 
control for each set of single three-phase windings based on 
the 2-individual current control in this paper. In terms of 
reduction of the current unbalance and the harmonic current, 
the proposed approach is superior to the conventional FW 
control. In the proposed method, the magnitude of voltage in 
𝛼𝛽 sub-plane is employed for the voltage feedback. As the 5th 
and 7th harmonic voltage resulted from the non-sinusoidal 
back-EMF and inverter non-linearity are mapped to the 𝑧1𝑧2 
sub-plane according to the VSD theory, the voltage feedback 
in the FW control is 6th harmonic-free, so as the FW current. 
Meanwhile, because two sets of three-phase windings share 
the same FW current and torque current reference, their 
currents are naturally balanced. On the contrary, the FW 
currents for each set of three-phase windings in the 
conventional FW control are unbalanced, and they also have 
abundant 6th harmonic current if there is no LPF for the FW 
current reference. It is worth noting that the scenarios in this 
paper are only investigated in the linear PWM region and the 
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